Drosophila melanogaster is widely used to study genetic factors causing Parkinson's disease (PD) due largely to the use of sophisticated genetic approaches and the presence of a high conservation of gene sequence/function between Drosophila and mammals. However, in Drosophila little has been done to study the environmental factors which cause over 90% of PD cases. We used Drosophila primary neuronal culture to study degenerative effects of a well-known PD toxin MPP + . DA neurons were selectively degenerated by MPP + whereas cholinergic and GABAergic neurons were not affected. This DA neuronal loss was due to post-mitotic degeneration, not by inhibition of DA neuronal differentiation. We also found that MPP + -mediated neurodegeneration was rescued by D2 agonists quinpirole and bromocriptine. This rescue was through activation of Drosophila D2 receptor DD2R, as D2 agonists failed to rescue MPP + -toxicity in neuronal cultures prepared from both a DD2R deficiency line and a transgenic line pan-neuronally expressing DD2R RNAi. Furthermore, DD2R autoreceptors in DA neurons played a critical role in the rescue. When DD2R RNAi was expressed only in DA neurons, MPP + toxicity was not rescued by D2 agonists. Our study also showed that rescue of DA neurodegeneration by Drosophila DD2R activation was mediated through suppression of action potentials in DA neurons.
Introduction
A cellular hallmark of Parkinson's disease (PD) is the loss of dopaminergic (DA) neurons in several brain areas, particularly in the substantia nigra. Recent genetic discoveries confirmed that familial forms of PD are directly associated with mutations of certain genes such as α-Synuclein and parkin (Dauer & Przedborski, 2003; Moore et al, 2005; Cookson, 2005) . In contrast, the majority of PD cases occur sporadically without clear genetic linkage. Indeed, neurotoxin-based PD models have shown that the loss of DA neurons can be induced by non-genetic, environmental factors (Bove et al, 2005) . These findings indicate that a combination of genetic and environmental factors contributes to the pathogenesis of PD.
Among several neurotoxins inducing PD symptoms, a toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is extensively used in a variety of animal models (Bove et al, 2005; Cannon & Greenamyre, 2010) . The neurological effects of MPTP were discovered after a small group of drug users developed severe motor dysfunction by administration of a synthetic opioid, 1-methyl-4-phenyl-4-propionoxypiperidine (MPPP), tainted with MPTP (Langston, 1983) . MPTP is converted into the active metabolite 1-methyl-4-phenyl pyridinium (MPP + ) by monoamine oxidase in astrocytes. It exerts DA neurotoxicity when up-taken by DA transporter. MPP + induces oxidative stress leading to mitochondria dysfunction and ultimately causes DA cell death (Przedborski et al, 2004) .
Although PD is currently incurable, there are therapeutic drugs such as levadopa which alleviates the PD symptoms (Olanow, 2009; Calabresi et al, 2011) . However, an overall lack of clinical treatments that effectively prevent or slow PD development without causing concerns about adverse side effects warrants efforts to understand the molecular and cellular mechanisms underlying PD pathology which may help develop new strategies for PD treatment. Models using toxins to generate PD-like effects allow researchers to study the pathology of PD and develop potential protective treatments from toxin-induced degeneration. One area receiving a great deal of attention is DA receptor signaling (Bozzi & Borrelli, 2006) . Indeed, Chen et al (2009) reported that a D2 agonist, ropinirole, prevents rotenone-induced apoptosis of dopaminergic cell line. D2 agonists are also used in PD patient therapy (Schapira & Olanow, 2004) . The neuroprotective mechanisms, however, initiated by D2 agonists are poorly understood despite many clinical trials with those drugs.
By utilizing the sophisticated genetic approaches available in Drosophila, research using this animal has been successful in increasing our knowledge about the mechanisms of neurodegenerative disorders (Muqit & Feany, 2002 , Bilen & Bonini, 2005 . Since the introduction of fly PD models carrying mutated human α-synuclein genes (Feany & Bender, 2000; Auluck et al, 2002) , most of known PD-related genes (e.g. parkin, LRRK2, etc) are examined in Drosophila (Whitworth, 2011) . The success of Drosophila models makes it a viable option for developing a new system to study environmentally induced PD. Currently, only a handful of studies have examined non-genetic factors (e.g. rotenone, paraquat) causing PD in Drosophila (Coulom & Birman, 2004; Chaudhuri et al, 2007; Lawal et al, 2010) . In our study, we developed a cellular model to study a PD toxin MPP + in primary Drosophila neuronal cultures. Furthermore, we showed that MPP + -mediated neurodegeneration is rescued by D2 receptors through reduced DA neuronal excitability using a combined approach of genetics, pharmacology and electrophysiology.
Methods & Materials Fly stocks
Flies were raised on a standard cornmeal agar diet at room temperature. A "Cantonized" white eye stock w 1118 was used as wild type. TH-Gal4 lines were obtained from Dr. S.
Birman at the Dev. Biol. Institute of Marseille, France (Friggi-Grelin et al, 2003) . DD2R deficiency line, 1407-Gal4, UAS-DD2R RNAi lines were provided by the Bloomington Drosophila Stock Center.
Drosophila primary neuronal cultures
Mid-gastrula embryos were collected and dechorionated in 50% bleach solution. The embryonic contents were harvested and plated on photoetched or round coverslips (Bellco Glass Inc., Vineland, NJ) as previously described (Park & Lee, 2006; Park et al, 2007) . Cultures were then incubated in 5% CO 2 at 24 -25°C and maintained for 9 days in vitro (DIV). Culture medium (DDM1) used in this study was a mixture of high glucose Ham's F-12/Delbecco's medium (Irvine Scientific, Santa Ana, CA), L-glutamine (2.5mM; Irvine Scientific), HEPES (20mM), and 4 supplements: 100μM putrescine, 20ng/ml progesterone, 100μg/ml transferrin, and 50μg/ml insulin (Calbiochem, San Diego, CA). MPP + and D2 agonists (quinpirole and bromocriptine) used in this study were purchased from Sigma (St. Louis, MO).
Pharmacological treatments
All drugs were added to cultures at 3 days in vitro (DIV) except BrdU (Sigma, St Louis, MO) which was added at 0 or 3 DIV. MPP + iodide (Sigma, St Louis, MO) was stored in darkness. The stock of MPP + was made freshly in distilled water before use. For all our experiments, MPP + was prepared and disposed according to the guideline reviewed in Przedborski et al (2001) . Quinpirole and bromocriptine were dissolved in distilled water and in DMSO, respectively. The stocks of those chemicals were stored at −20°C until added to the neuronal culture.
Live Imaging
For live imaging, all neurons were cultured on photoetched coverslips which allow us to return to the same field of view (or square). At 3 DIV, squares containing 2-7 DA neurons were selected. These identified squares were re-assessed at days 5 or 9 DIV. In this study, the threshold intensity for GFP(+) neurons was 3x higher than the background (<10% of the maximum pixel intensity) as previously described (Park et al, 2007) . More than 50% of the experiments were performed blind with respect to genotype or drug-treated versus control cultures.
Live neuronal culture of TH-GFP (9 DIV) was also used for propidium iodide (PI, In Vitrogen) staining. PI (1μl/ml) was added into culture medium and left for 5 min. After 5 min washing, images of 'dim (=sub-threshold)' GFP(+) neurons were acquired. In order to have a clear GFP signal, the brightness of each image was digitally increased. Then individual sub-threshold GFP(+) neurons were examined for overlapping with PI. The average fluorescent intensity of sub-threshold GFP(+) neurons was about 50% of the threshold (3x higher than the background).
Immunofluorescence assay
Neurons in culture were fixed with 4% paraformaldehyde for 40 minutes on ice. Then, the cultures were washed 3 times with 10 mM phosphate buffer solution (PBS). Blocking and permeabilization step was done by using 0.1% Triton X-100 and 5% goat serum (Sigma, St. Louis, MO) for 30 minutes on ice. The permeablized cultures were incubated with a primary Ab (e.g., mouse anti-BrDU, mouse anti-tyrosine hydroxylase) overnight at 4°C and then with a secondary Ab (e.g., FITC or TRITC labeled) for 1 hour at 25°C. After staining was completed the cultures were washed 3 times for 10 minutes, then the coverslips were mounted on slide glasses and viewed under a fluorescent microscope (Olympus IX71). Images were taken with a Spot CCD digital camera (Diagnostic Instruments, Sterling Heights, MI).
DAPI-based quantification of TH(+) DA neurons
To count total cells in each image, DAPI (Molecular Probes, Eugene, OR) was used as previously described (Park & Lee, 2006) . In order to minimize the subjectivity in manual cell counting, we used Image J software -a public domain image processing and analysis program (http://rsb.info.nih.gov/ij/index.html). A sample area in each image was chosen to calculate the unit pixel intensity (UPI) for each cell. The UPI was obtained by dividing the pixel intensity in a sample area with the manually counted number of cells in that area (typically 30-60 cells) . Then the total DAPI signal intensity in an image was measured and divided by the UPI in order to quantify the total number of DAPI(+) cells in that image. Finally, the number of TH(+) DA neurons in that image was normalized to 1,000 DAPI(+) cells.
Action potential (AP) recording
Each coverslip containing Drosophila neuronal cultures was transferred into a recording chamber containing the following external solution (mM): 140 NaCl, 1 CaCl 2 , 4 MgCl 2 , 3 KCl, and 5 HEPES, pH 7.2. Action potentials (APs) were extracellularly recorded with patch pipettes (tip resistance 4~6 MΩ) in a cell-attached mode as previously described (Yuan & Lee, 2007) . The pipette was filled with internal solutions containing the following ingredients (mM): 120 CsOH, 120 D-gluconic acid, 0.1 CaCl 2 , 2 MgCl 2 , 20 NaCl, 1.1 EGTA, and 10 HEPES, pH 7.2. Axopatch 200B amplifier (Axon Instruments Inc, Union City, CA, USA) was used to measure APs. DA neurons were identified using a live marker GFP, of which expression was driven by a DA specific driver TH-Gal4 (see above). A D2 agonist quinpirole were focally delivered to the patched neurons showing APs by using a Picospritzer III (Parker Hannifin Corp, Fairfield, NJ, USA) for duration of 30 seconds. AP frequency was analyzed using the Minianalysis detection software (Synaptosoft, Decatur, GA, USA).
Results

MPP + degenerates GFP(+) dopaminergic (DA) neurons in Drosophila primary culture
In a previous study, we developed a live tracking method which allowed quantification of pre-identified dopaminergic (DA) neurons over time in Drosophila primary culture (Park et al, 2007) . Using a method similar to this, we studied neurodegeneration induced by a well known PD toxin MPTP. The standard UAS-Gal4 system (Brand & Perrimon, 1993 ) was used to drive expression of GFP specifically in DA neurons under the control of TH-Gal4, a DA specific driver (Friggi-Grelin et al, 2003) . First, cultured neurons were examined with a fluorescent microscope 3 days after plating. Then, we chose squares containing GFPpositive DA neurons (Fig. 1A) . These same squares were later re-assessed to count all GFPpositive neurons at 5 and 9 days in vitro (DIV). Neuronal cultures were randomly split into two groups: half control and half for treatments. At 3 DIV, the number of GFP(+) neurons was not different between these two culture groups ( Figure 1B inset) . We used 3 different concentrations (10, 40, 100μM) of MPP + (active metabolite of MPTP toxin). DA degeneration by 40μM MPP + was clearly observed at 9 DIV (Student t-test, p<0.01). 10μM MPP + caused the number of GFP(+) DA neurons to be significantly lower at 9 DIV but the effect (~13% reduction) was modest compared to 40μM (~37% reduction). We also tested a higher concentration of MPP + (100μM). The toxic effect on DA neurons by 100μM was similar to that by 40μM MPP + but we also observed signs of non-specific neurodegeneration in the culture such as morphological alterations in non-DA neuronal processes. The results show that 40μM MPP + causes degeneration of DA neurons ( Figure  1B ) and is appropriate for further examinations.
Interestingly, in the control group, the number of GFP(+) neurons per square at 9 DIV increased by 142.1+/−6.2% compared to that at 3 DIV. This increase may be explained by newly differentiated DA neurons in culture after 3 DIV. If so, DA neuronal loss by MPP + may not be due to degeneration, but due to suppressed mitotic division of DA neurons. Thus, we wanted to examine whether DA neurons differentiate after 3 DIV. A mitotic marker BrdU (Boone & Doe, 2008) was added to the neuronal culture as soon as prepared (0 day) or after being incubated for 3 days. Then we stained BrdU signals using anti-BrdU antibody. The vast majority of neurons in culture were anti-BrdU positive at 3 DIV (Fig. 2) . In contrast, few neurons (<2%) were anti-BrdU positive when neurons were stained at 6 DIV after 3 day incubation with BrdU. The BrdU signal was also examined in GFP(+) DA neurons with anti-BrdU antibody. Figure 2C shows that the vast majority of DA neurons are also differentiated for the first 3 DIV and then maintained post-mitotically.
MPP + is known to cause DA cell death (Chun et al, 2001 ) and, therefore, we wondered whether reduced number of GFP(+) DA neurons by MPP + is due to actual neurodegeneration. A cell death marker propidium iodide (PI, 1μl/ml), which binds to DNA, was used to stain TH-GFP neuronal culture at 9DIV. No GFP (+) neurons above the threshold (refer to Methods and Materials) were co-stained with PI in both control and MPP + -treated cultures. Thus, we focused on 'dim' GFP(+) neurons which were below the threshold. These sub-threshold GFP(+) neurons were selected on the basis of GFP intensity regardless of treatments (i.e. control vs. MPP + -treated) and showed about 50% of the threshold intensity on average. A subset (0.52+/−0.3%) of sub-threshold GFP(+) neurons in control was overlapped with PI ( Figure 3A ). This percent significantly increased (~8 times) when MPP + was treated ( Figure 3B ). The results show that MPP + enhances DA neurodegeneration and cell death.
Anti-TH(+) DA neurons are decreased by MPP +
Our results demonstrate that MPP + induces neurodegeneration. However, Figure 1B shows that the number of GFP(+) neurons did not change significantly at 9 DIV after MPP + treatment compared to 3 DIV while it was higher in control. Thus, we wanted to confirm whether MPP + would decrease the number of DA neurons with another well known DA marker tyrosine hydroxylase (TH). Using anti-TH, we stained neurons in cultures derived from two different strains: wild type and TH-GFP. Both strains, considered as controls, showed that the number of TH(+) DA neurons was reduced at 9 DIV compared to that at 3 DIV while there was no difference between these two strains ( Fig. 4B) . We also examined the number of DA neurons in MPP + treated culture at 9 DIV. The results showed a clear reduction of DA neurons by MPP + (Fig. 4C) . The results show that MPP + degenerates anti-TH(+) DA neurons in Drosophila neuronal culture. Taken together, our study demonstrated that both GFP marking and anti-TH staining are very useful and reliable in quantifying DA neurons in primary cultures although two methods showed different patterns in changes of DA neuron number.
MPP + toxicity is enhanced by overexpression of dopamine transporter (DAT)
MPP + (40μM) decreases GFP(+) DA neurons in Drosophila primary culture. However, 40μM MPP + concentration is higher compared to other studies using rodent cells (1μM -10μM MPP + ; Marini et al, 1989; Sanchez-Ramos et al, 1997; Bains et al, 2007) . It has been known that MPP + is taken up by DA transporters (DAT) in DA neurons (Storch et al, 2004) . Therefore, we suspected that DAT in Drosophila does not transport MPP + as effectively as in rodents. DAT was overexpressed in DA neurons by a cross between two fly transgenic lines TH-Gal4 and UAS-DAT. 10μM MPP + significantly decreased TH(+) neurons and this toxic effect was similar to that of 40 μM (Table 1) , strongly indicating that Drosophila DA neurons are less sensitive to MPP + due to lower activity of DAT.
Degeneration by MPP + is not observed in non-DA neurons
In this study, we wanted to examine whether MPP + toxicity is also observed in nonDA neurons. Cholinergic and GABAergic neurons are two major types of neurons in the intact nervous system as well as the primary neuronal culture (Lee & O'Dowd, 1999; Lee et al, 2003) , so we examined the toxic effects of MPP + on both of those neuronal subtypes. We prepared neuronal cultures on photoetched coverslips derived from a fly strain carrying the following transgenes: Cha-Gal4 x UAS-GFP and Gad1-RFP. The culture is expected to express GFP in cholinergic neurons while red fluorescent protein (RFP) is in GABAergic neurons. The selectivity of 40μM MPP + was tested by quantifying live cholinergic and GABAergic neurons treated with MPP + using the same method for GFP(+) DA neuron quantification. Figure 5 shows that neither cholinergic nor GABAergic neurons were affected by 40μM MPP + at 5 or 9 DIV. There was no statistical difference between the cholinergic neurons in the control and MPP + treated cultures. Similarly, the percent change of GABAergic neurons was not statistically significant between the control and the 40μM MPP + treated cultures. This confirms that 40μM MPP + is selective for DA neurons and thus a proper concentration for the rest of the studies.
D2 agonists rescue DA neurodegeneration mediated by MPP +
D2 agonists are known to ameliorate PD symptoms (Schapira & Olanow, 2004; FerrariToninelli et al, 2008 ), so we wanted to test whether these drugs rescue the loss of DA neurons by MPP + . Neuronal cultures were added with D2 agonists in addition to MPP + . We chose two D2 agonists, quinpirole and bromocriptine for this study. The former is known to modify certain motor behaviors in Drosophila (Andretic & Hirsh, 2000; Draper et al, 2007) .
The latter has been tested for its neuroprotective effects in PD patients (Bozzi & Borrelli, 2006) . When 10 μM quinpirole was added to cultures at 3 DIV (Fig. 6A ), MPP + toxicity was significantly rescued although the rescue was not complete. Bromocriptine showed a similar rescue effect. Figure 6B summarizes the rescue effects of both D2 agonists against MPP + toxicity. In this study, we also examined whether D2 agonists increase DA neuronal survival by themselves. Our results showed that quinpirole or bromocriptine alone did not increase number of GFP(+) neurons ( Figure 6C ) compared to control, demonstrating that DA neuroprotection by D2 agonists is a direct effect on MPP + toxicity. In contrast, a D1 agonist SKF38393 (Yuan & Lee, 2007) did not show any rescue effect (data not shown). These results strongly suggest that D2 agonists rescue MPP + toxicity through D2 receptors. Therefore, we examined whether a D2 antagonist haloperidol can inhibit the rescue effect of quinpirole. When neuronal cultures were treated with 10μM haloperidol at 3DIV in addition to MPP + and quinpirole, there was no rescue observed (Table 2 ). Our results show that the rescue of MPP + toxicity by quinpirole and bromocriptine is D2-specific.
Rescue of MPP + toxicity by quinpirole requires expression of Drosophila D2-like receptor DD2R
Although the rescue effect of D2 agonists are expected to work through D2 receptor signaling, no study has addressed this using molecular means other than pharmacological means. Furthermore, some studies suggest antioxidant effects of D2 agonists (Hara et al, 2006; Lim et al, 2008) . Thus, we wanted to examine whether this rescue effect is mediated by D2 receptor activation. In Drosophila, there are four DA receptors (i.e. dDA1, DAMB, DopEcR & DD2R) cloned and characterized (Goetz et al, 1994; Han et al, 1996; Srivastava et al, 2005; Mustard et al, 2005) . Among them, DD2R is the only Drosophila D2 receptor that has been identified so far (Hearn et al, 2002) . Therefore, we first prepared neuronal cultures from a fly line deficient in the DD2R gene. Since the homozygous DD2R deficient (Df) line mutant is lethal, this Df fly line is maintained over a balancer chromosome -FM6b, act-GFP. Thus, homozygous DD2R Df neuronal cultures were identified by GFP signals. The GFP-negative neuronal cultures were DD2R Df homozygous (refer to Darya et al (2009) for experimental detail). The GFP(−) cultures were treated with MPP + alone or MPP + plus quinpirole. As seen in Figure 7A , MPP + reduced the number of anti-TH(+) neurons but there was no rescue by quinpirole. Although the overall morphology of DD2R Df neuronal cultures was not noticeably altered, we cannot rule out a possibility that this effect is not due to DD2R deficiency, because this line is also deficient in additional gene(s). In Drosophila, genetic approaches allow specific knockdown of D2Rs. Therefore, we also used a fly line carrying RNAi against DD2R (i.e. UAS-DD2R RNAi from Bloomington Drosophila Stock Center). A pan-neuronal driver 1407-Gal4 (Sweeney et al, 1995) was crossed with UAS-DD2R RNAi to drive expression of DD2R RNAi in all neurons. Neuronal cultures prepared from this crossed line were treated with MPP + plus quinpirole in addition to MPP + alone. Similar to the DD2R Df experiments, there was no rescue observed in the presence of quinpirole ( Figure 7B ). The results demonstrate that D2 rescue effect is through the activation of Drosophila DD2R receptor. Down-regulation of Drosophila D2 autoreceptors in DA neurons results in no rescue of MPP + toxicity by D2 agonists Since DD2Rs are widely expressed in the central nervous system including DA and non-DA neurons (Hearn et al, 2002) , it is possible that DA neuroprotection can be mediated through DD2Rs expressed in DA (called autoreceptors), non-DA neurons or both. In this study, therefore, we used a DA-specific driver TH-Gal4 to induce DD2R RNAi only in DA neurons. Neurons were cultured from a transgenic line carrying UAS-GFP and UAS-DD2R RNAi in addition to a DA driver TH-Gal4. GFP(+) neurons were quantified in the presence or absence of drugs (e.g., MPP + and/or quinpirole). Figure 8 showed that quinpirole failed to rescue MPP + -mediated neurodegeneration. Interestingly, GFP(+) neurons in the control group were not increased at 9 DIV (close to 100%) compared to 3 DIV unlike in Figure 1 . This is perhaps because of the gene-dosage effect as the transgenic fly (heterozygous due to a cross of two line) used in this study carries only one copy of each GFP and TH-Gal4 gene compared to two copies in the fly used in Figure 1 (homozygous and thus two copies of each transgene). The results demonstrated that activation of DD2R autoreceptors is required for the rescue of MPP + topxicity mediated by D2 agonists.
DA neuroprotection is mediated by activation of D2 autoreceptors and a sodium channel blocker TTX through the reduction of DA neuronal excitability
Our next attempt was to understand the mechanisms underlying neuroprotection by DD2R. It is known that D2R regulates excitability of DA neurons, and thus reduce excitotoxic cell death (Piallat et al, 1996; Schapira & Olanow, 2003) . Therefore, we examined whether Drosophila DD2R regulates DA cell excitability in the primary neuronal culture. As previously described (Yuan & Lee, 2007) , the patch clamping technique was used to measure action potentials (APs) in DA neurons, which were identified with a GFP marker (refer to Fig. 1A) . Quinpirole (10μM) was focally applied to a DA neuron showing APs in order to examine the effect of DD2R activation. Figure 9A showed that DD2R activation by quinpirole significantly reduces the frequency of APs in DA neurons. This quinpirole effect was also observed in the presence of nAChR blocker curare and/or GABA A -R blocker picrotoxin (data not shown). Frequency of APs in DA neurons was reduced to 45+/−10.3% to the control (Fig. 8B) , demonstrating that quinpirole-mediated activation of DD2R suppresses the excitability of DA neurons. In the next experiment, we wanted to further test whether the reduction of DA neuronal excitability is enough to show neuroprotective actions, independent of DD2R activation. A powerful AP blocker tetrodotoxin (TTX) was added in the neuronal culture in addition to MPP + . The number of DA neurons was increased by TTX, compared to that by MPP + alone. All these results demonstrate that activation of DD2R autoreceptors mediates DA neuroprotection against MPP + -induced neurodegeneration via suppression of DA neuronal firing.
Discussion
The present study showed that MPP + , active metabolite of MPTP, causes selective degeneration of dopaminergic (DA) neurons in a Drosophila primary culture system where the vast majority of neurons are post-mitotic at 3 DIV or older. The number of DA neurons marked with GFP was reduced in the presence of MPP + compared to control. This finding was further supported by using another specific DA marker anti-TH antibody. Interestingly, DA neurodegeneration by MPP + was rescued when D2 agonists (quinpirole or bromocriptine) were added. This rescue was not observed in neuronal cultures prepared from Drosophila D2 receptor DD2R deficiency line, or in a line carrying DD2R RNAi transgene. We conclude that this D2 agonist effect is mediated by D2 receptors. Furthermore, our results showed for the first time that activation of D2 autoreceptors in DA neurons is sufficient to rescue MPP + toxicity and also that this D2-dependant rescue is mediated through suppression of DA neuronal excitability.
PD is a complicated neurodegenerative disease and develops in such a slow fashion that we cannot easily use human subjects to study the mechanisms underlying its pathogenesis. An alternative is to use model systems suitable for molecular and cellular manipulations. Over the last decade, studies with the fruit fly Drosophila melanogaster have contributed to pivotal advances in our understanding of human health and disease (Muqit & Feany, 2002; Bilen & Bonini, 2005) . Perhaps the important reason Drosophila continues to afford new insights into human neurodegenerative diseases is that gene sequence and function are highly conserved between flies and humans (Rubin et al, 2000) . Of particular relevance to PD, the Drosophila genome encodes orthologs of most of the genes that have thus far been implicated in PD (Whitworth, 2011) . Over the last few years, we have developed a cellular model to study PD genes using Drosophila primary neuronal cultures which showed all expected cellular symptoms when human α-Syn was transgenically expressed (e.g., DA cell loss, LB formation; Park & Lee, 2006) .
Compared to the intact fruit fly model, the strengths of this in vitro model are twofold. First, the neuronal culture is a system readily available for pharmacological and biochemical manipulations in order to further dissect pathophysiological mechanisms of PD at the cellular and sub-cellular levels (e.g. mitochondria, DA synapse) in a time-dependent manner. As shown in Figure 6 , this culture system provides an easy way to study effects of various combinations of pharmacological agents on DA neurodegeneration and protection, which would be very difficult in vivo. This system also affords rapid access to drug screening for possible neuroprotective/PD therapeutic agents due to the short turn over time for cellular PD symptoms -less than 6 days. Second, this neuronal culture is suitable for functional assays, in particular, electrophysiological studies that are difficult to accomplish in intact fly brain (refer to Figure 9 , AP experiments). In addition, this neuronal culture appears to contain molecular components essential for DA neuronal function and synaptic DA release (Lee, unpublished data) . Furthermore, our current study showed that a Drosophila in vitro model to study PD toxins (e.g. MPP + ), in addition to PD genes (e.g. α-Syn), has been successfully developed. Given the availability of sophisticated genetic tools and a live quantification method used in this study, this model will be very useful to study the interaction between genetic and environmental factors causing PD, and also complimentary to a well-established adult fly brain model of PD.
In this study, we used two methods to identify DA neurons: (1) immunocytochemistry by using anti-TH, and (2) green fluorescence protein (GFP) marker specifically expressed in DA neurons. The majority of TH(+) neurons overlapped with GFP(+) neurons at 3DIV. A typical frequency of GFP (TH(+) & GFP(+)/total TH(+); refer to Matsushita et al, 2002) was 81% (89/106) at 3 DIV while it was decreased to 57% (82/145) at 9DIV. Given that the number of GFP(+) DA neurons increases over time and is higher than TH(+) neurons (e.g., 1.6 fold higher at 9 DIV; also refer to Park & Lee, 2006) , it is consistent with our expectation that fewer TH(+) neurons are overlapped with GFP(+) neurons at 9 DIV and also that the number of GFP(+) neurons with no anti-TH signal increases over time. Observation of those GFP(+)/TH(−) neurons would be related to transcriptional (e.g., cis-regulation) and/or posttranslational (e.g. GFP maturation) regulations. Activity of TH promoter (~11kb) used in this study can be differently regulated in some cells and thus GFP can still be expressed, but TH enzyme synthesis can be reduced (or stopped) below the detection level. This discrepancy can also be due to the biochemical properties (e.g. maturation, half-life, etc) of each protein. GFP is known to be very stable in the cell (Tsien, 1998; Day & Davidson, 2009 ) and thus GFP(+) neurons can be detected even if TH expression is significantly diminished by MPP + . Additionally, GFP(+)/TH(−) neurons would be related to the sensitivity of the TH-antibody used in this study. Since the antibody used in our study has been originally raised against rat TH, it does not necessarily show optimal sensitivity against Drosophila TH and thus cannot detect lower levels of Drosophila TH expressed. Further, GFP fluorescent detection is generally considered more sensitive than immunocytochemistry.
Although we observed a significant number of GFP(+)/TH(−) cells in this study (also refer to Lee & Park, 2006) , it is not a unique phenomenon in our culture system. Pesah et al (2005) reported that only 68.6% of TH(+) neurons were overlapped with GFP(+) in the adult fly brain. Friggi-Grelin et al (2003) also reported that a small portion of GFP(+) neurons are not TH(+) in adult fly brain, confirming that this observation in the primary neuronal culture is consistent with those in vivo findings. In addition, this mismatch between GFP and TH signals was reported in rodent and other vertebrate animals. Matsushita et al (2002) reported that a typical frequency of GFP expression (see above) in adult TH-GFP mice varies from 60.3 to 94.1% depending on strains (TH-GFP/6-7 vs. TH-GFP/21-31) or brain areas (SNc vs. VTN). When GFP was expressed by a TH promoter in zebra fish, this overlap was just about 30% (Meng et al, 2008) . All of these findings demonstrate that these two methods (anti-TH, TH-GFP) are very popular and powerful, but both have a limitation as they cannot simultaneously detect a portion of the neurons. Nonetheless, the more important observation in our study was that the DA neurons identified by GFP or anti-TH were degenerated by the PD toxin MPP + , although the magnitude of the toxicity was larger with anti-TH detection. However, GFP marking can be a more useful and reliable means to quantify DA neuronal degeneration for future PD research, especially for rapid drug screening. Some D2 agonists are experimentally used in studies of neuroprotection. Previously, Chen et al (2009) reported that the D2 agonist ropinirole prevents rotenone-induced apoptosis of dopaminergic cell line. In addition, Kitamura & colleagues (1998) showed that the D2R agonist bromocriptine inhibits MPP + -mediated DA cell death. However, the mechanism of how D2 agonists mediate neuroprotection is not well understood. A few studies have shown that D2 agonists (e.g. bromocriptine, apomorphine) exert D2R-independent neuroprotection against 6-OHDA (Hara et al, 2006) or oxidative stress (Lim et al, 2008) . Our results clearly demonstrated neuroprotection by D2 agonists through activation of D2-like receptors. In addition, the concentration of D2 agonists used in this study is considered too low to have scavenging effects on reactive oxygen species (Schapira & Olanow, 2003) . Therefore, neuroprotection against MPP + neurotoxicity is mediated through activation of D2 receptors. D2Rs are widely expressed in the central nervous system including DA and non-DA neurons, and thus it is possible that DA neuroprotection can be mediated through either D2Rs expressed in DA or non-DA neurons. We showed for the first time that activation of D2R autoreceptors mediate DA neuroprotection using Drosophila genetic approaches allowing specific knock-down of D2Rs in DA neurons using DD2R RNAi transgenic lines (Fig. 8) .
Dopamine D2 autoreceptors in mammals are known to regulate excitability of DA neurons, and hence they reduce excitotoxic cell death (Piallat et al, 1996; Schapira & Olanow, 2003) . In our study, we showed that Drosophila D2 autoreceptors also suppress DA neuronal excitability. Further, our data demonstrated that reduced DA neuronal excitability is neuroprotective against MPP + toxicity (Fig. 9) . It is known that D2 autoreceptors suppress DA synthesis through a negative feedback mechanism, and thus reduce oxidative stress caused by a high level of cytoplasmic DA (Carter & Muller, 1991; Schapira & Olanow, 2003; Park et al, 2007) . Recently, it was reported that D2R agonists exert their neuroprotective effects through the blockade of Ca 2+ -triggered permeability transition pore in mitochondria (Parvez et al, 2010) . Therefore, our results strongly support these findings in that activation of Drosophila DD2R autoreceptors reduces DA neuronal excitability, cytoplasmic dopamine/Ca 2+ levels, oxidative stress and thus mediates DA neuroprotection. However, it should be noted that D2-dependent rescue can be achieved through other mechanisms such as Akt/GSK-3β pathway (Nair & Olanow, 2008) , which do not directly modulate DA neuronal excitability.
Given that D2Rs mediate neuroprotection against PD toxins by suppressing DA neuronal excitability, an important next question is to understand mechanisms mediating this suppression. Several possible mechanisms are proposed to explain D2R-mediated neuroprotection. Then, what are the molecular mechanisms underlying this neuroprotection? The prime suspects are related to the known players downstream of D2R signaling. Since D2R actions are mediated through G-protein signaling, it is highly possible that genetic and pharmacological inhibition of G-protein signaling will eliminate D2R-mediated neuroprotection. Hearn et al (2002) showed that Drosophila D2Rs activate Gαi when they were expressed in a heterologous expression system. Therefore, we suspect that Gαi is involved in D2R-mediated protection. However, it is possible that DD2Rs activate other Gα subunits. Because there are mutant and RNAi transgenic lines available for all five Drosophila Gα subunits (i.e. Gαs, Gαi, Gαo, Gαq, Gαf), future studies should be able to identify a Gα subunit mediating reduced DA neuronal excitability and hence neuroprotection, and will further shed light on molecular components downstream of D2R and G-protein signaling such as an ion channel or a neurotransmitter receptor. (A) An overlapped image of bright-field and GFP signals in a marked square (8K in this case). Six GFP(+) dopaminergic (DA) neurons are indicated by arrows. Neuronal cultures were derived from a cross between TH-Gal4 and UAS-GFP lines (=TH-GFP). As shown previously (Park et al, 2007) , these cultures were plated onto photoetched coverslips which allow for identifying a square containing GFP(+) neurons that can then be returned to at a later time. (A) A DD2R deficiency line was used to prepare primary neuronal culture. Homozygous Df(DD2R) was identified using GFP de-selection marking (refer to Darya et al, 2009) . Subset of homozygous cultures were treated with MPP + alone or MPP + plus quinpirole. Control was not treated with any drug. At 9 DIV, neuronal cultures were fixed and stained with anti-TH in order to quantify DA neurons in culture as described in Materials and Methods section. The number of antiTH(+) neurons was reduced by MPP + while no rescue was observed in neuronal culture treated with quinpirole (Student t-test, **p<0. A DA specific driver TH-Gal4 was used to induce expression of DD2R RNAi transgene. A subset of cultures were treated with MPP + alone or both MPP + and quinpirole (MPP + +Quin). At 9 DIV, DA(+) neurons were quantified using a live marker GFP and normalized that at 3 DIV. Neuronal culture was prepared on photoetched coverslips. No rescue was observed in neuronal cultures treated with quinpirole (Student t-test, **p<0.01). Data from 3 separate experiments: control (n=48), MPP + (n=35) & MPP + +Quin (n=45). 
